In mammalian cell culture, the Golgi apparatus fragment upon DNA damage. 23 GOLPH3, a Golgi component, is a phosphorylation target of DNA-PK after DNA 24 damage and contributes to Golgi fragmentation. The function of the yeast 25 (Saccharomyces cerevisiae) ortholog of GOLPH3, Vps74, in the DNA damage 26 response has been little studied, although genome-wide screens suggested a role at 27 telomeres. In this study we investigated the role of Vps74 at telomeres and in the 28 DNA damage response. We show that Vps74 decreases the fitness of telomere 29 defective cdc13-1 cells and contributes to the fitness of yku70Δ cells. Importantly, 30 loss of Vps74 in yku70Δ cells exacerbates the temperature dependent growth 31 defects of these cells in a Chk1 and Mec1-dependent manner. Furthermore, Exo1 32 reduces fitness of vps74Δ yku70Δ cells suggesting that ssDNA contributes to the 33 fitness defects of vps74Δ yku70Δ cells. Systematic genetic interaction analysis of 34 vps74Δ, yku70Δ and yku70Δ vps74Δ cells suggests that vps74Δ causes a milder but 35 similar defect to that seen in yku70Δ cells. vps74Δ cells have slightly shorter 36 telomeres and loss of VPS74 in yku70Δ or mre11Δ cells further shortens the 37 telomeres of these cells. Interestingly, loss of Vps74 leads to increased levels of 38 Stn1, a partner of Cdc13 in the CST telomere capping complex. Overexpression of 39 Stn1 was previously shown to cause telomere shortening, suppression of cdc13-1 40 and enhancement of yku70Δ growth defects, suggesting that increased levels of 41 Stn1 may be the route by which Vps74 affects telomere function. These results 42 establish Vps74 as a novel regulator of telomere biology. 43 44
INTRODUCTION 45
The Golgi apparatus is found in all eukaryotes, functioning in the maturation of 46 proteins and lipids destined for the cell surface or other internal compartments (Glick 47 and Nakano 2009; Potelle et al. 2015) . Somewhat surprisingly, in mammalian cells, 48
the Golgi responds to DNA damage (Farber-Katz et al. 2014 ). Golgi becomes 49 fragmented after camptothecin (CPT)-induced DNA damage and Golgi fragmentation 50 persists long after DNA lesions are repaired. The fragmentation in response to DNA 51 damage was dependent on GOLPH3, which was phosphorylated by DNA-PK (a 52 DNA damage protein kinase). GOLPH3 phosphorylation increased its interaction 53 with MYO18A, a myosin that links Golgi membranes to the cytoskeleton (Dippold et 54 al. 2009 ). 55 GOLPH3 is highly conserved among eukaryotes and VPS74 is its budding yeast 56 (Saccharomyces cerevisiae) orthologue. Vps74 is reported to be important for the 57 localisation of glycosyltransferases to the Golgi apparatus and to activate Sac1, a 58 phosphoinositide phosphatase membrane protein, in Golgi (Schmitz et al. 2008; 59 Wood et al. 2012). Glycosyltransferases are responsible for protein glycosylation, 60
where sugar (glycan) chains are attached to proteins, contributing to the correct 61 folding and function of these proteins (Shental-Bechor and Levy 2008; Xu and Ng 62 2015). Sac1 regulates the levels of phosphatidylinositol 4-phosphates (PtdIns4P) 63 which are lipids known to promote protein trafficking in Golgi (Strahl and Thorner 64 2007). Phosphatidylinositols can also affect nuclear mRNA export, with a decrease 65 in InsP6 (whose precursor is PtdIns4P) levels, leading to an accumulation of 66 polyadenylated mRNA in the nucleus (Wera et al. 2001) . Interestingly, large-scale 67 surveys suggested that VPS74 affected fitness of telomere defective yku70Δ and 68 cdc13-1 cells in opposite directions (Addinall et al. 2011 ). Here we carefully 69 examined the role of VPS74 in telomere defective cells. Low and high throughput 70
data suggest that Vps74 and Yku70 work in parallel pathways to contribute to 71 telomere capping and that Vps74 may affect telomere function by affecting levels of 72 the critical telomere capping protein Stn1. 73 74
MATERIALS AND METHODS 75

Yeast strains 76
Standard procedures for yeast culture, mating and tetrad dissection were followed 77 (Adams et al. 1997 ). Unless otherwise stated, all experiments were performed using 78
Saccharomyces cerevisiae W303 (RAD5) strains as listed in Table S1 . Gene 79 disruptions were made in diploids using one step PCR to insert a kanMX or natMX 80 cassettes into the genome (Goldstein and McCusker 1999) . Gene disruptions were 81 confirmed by PCR. Oligonucleotide sequences are available upon request. 82
Yeast growth assays 83
A pool of colonies (>10) were grown until saturation overnight at 23°C (cdc13-1 84 strains) or 30°C (other strains) in 2 ml of liquid YEPD (supplemented with adenine) 85 or -LEU medium (for strains carrying plasmids). 5 or 7-fold serial dilutions in water 86 were spotted onto YEPD or -LEU plates using a replica plating device. Plates were 87 incubated for 2 or 3 days at the appropriate temperatures before being 88 photographed. Unless stated otherwise, a single plate per temperature is shown for 89 each figure (round plates fit between 8 and 16 strains while rectangular plates fit 90 between 16 and 32 strains). For passage tests, single colonies (from germination 91 plates) were streaked onto a YEPD plate and then several colonies (>10) from this 92 plate were restruck on a new YEPD plate for each passage. Cells were grown for 93 two days at 30°C. ImageJ (http://imagej.nih.gov/ij/) quantification was performed as 94 outlined at http://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-95 with-image-j/. 96
Analysis of telomere structure 97
Southern blot analysis was used to assess telomere length and performed as 98 previously described (Dewar and Lydall 2010 Query strains were created as described in Table S1 in using a PCR based lithium 107 acetate method followed by crossing and random spore analysis. SGA (synthetic 108 genetic array) was performed as previously described, crossing vps74Δ, yku70Δ, 109 vps74Δ yku70Δ with part of the genome-wide single gene deletion knock out 110 collection (Table S2) well plates and grown for 2 days at 20°C without shaking, as previously described 113 (Dubarry et al. 2015) . After resuspension saturated cultures were spotted onto solid 114 agar plates and were incubated and imaged as described before (Addinall et al. 115 2011; Dubarry et al. 2015) . In order to measure fitnesses of the various query strains 116 at high temperatures, a total of eight replicates of QFA were performed at both 36°C 117 and 37°C. Fitness and genetic interaction strength estimates were performed as 118 described before (Dubarry et al. 2015) . 119
Western blots 120
Protein extracts were prepared by trichloroacetic acid (TCA) precipitation (Ngo and 121 Lydall 2015). Briefly, cells were resuspended in 10% TCA and mechanically broken 122 using glass beads. Protein suspensions in Laemmli buffer were boiled for 3 min, 123 spun down for 10 min and the supernatant were loaded onto 4-15% Mini-PROTEAN 124 TGX Gels (Bio-Rad). The proteins were transferred to a nitrocellulose membrane 125 (GE Healthcare) and probed with anti-Myc (Abcam ab32), anti-tubulin antibodies 126 (from Keith Gull, Oxford University) and anti-Rad53 (Abcam ab104232). 127
Data availability 128
All strains and materials are available upon request. File S1 contains the 129 supplementary Figures S1-S7. File S2 contains the raw data from the QFA screens 130 performed in this study. Table S1 contains the list of strains used in the study. Table  131 S2 contains the genes analysed in the screens. Table S3 describes the plasmids 132 used in this study. 133
134
RESULTS 135
Vps74 is important for telomere biology 136
Yeast genome-wide screens in the S288C genetic background suggested that 137 VPS74 is involved in telomere biology (Addinall et al. 2011 ). Deletion of VPS74 138 weakly suppressed cdc13-1 fitness defects at 27°C and strongly enhanced yku70Δ 139 fitness defects at 37°C (Addinall et al. 2011) . In order to clarify the role of VPS74 at 140 telomeres, VPS74 was deleted in cdc13-1 and yku70Δ telomere defective cells in the 141 W303 genetic background and the fitness of the double mutants was carefully 142 assessed by spot test. 143
In agreement with the high-throughput data, vps74Δ cdc13-1 cells grow better at 144 27°C than cdc13-1 cells, showing that Vps74 reduces the fitness of cdc13-1 cells 145 ( Figure 1A ). On the other hand, vps74Δ yku70Δ cells are significantly less fit than 146 yku70Δ or vps74Δ cells at 36°C, showing that Vps74 is important for the fitness of 147 yku70Δ cells ( Figure 1B ). We note that vps74Δ cells grew poorly at 23°C ( Figure 1 ). 148
We conclude that Vps74 slightly decreases the fitness of cdc13-1 cells but increases 149 the fitness of yku70Δ cells. 150
The DDR checkpoint is activated in vps74Δ yku70Δ cells 151
To better understand the molecular nature of the defect in vps74Δ yku70Δ cells, we 152 measured genetic interactions with gene deletions affecting the DNA damage 153 response using vps74Δ and yku70Δ single mutants as controls. We tested CHK1, 154 MEC1, EXO1 and MRE11 since these all affect fitness of yku70Δ cells (Maringele 155 and Lydall 2002). Chk1 and Mec1 were shown to be important for cell cycle arrest in 156 yku70Δ cells and Exo1 is the major exonuclease responsible for telomeric DNA 157 resection in these mutants (Maringele and Lydall 2002) . Mre11, part of the MRX 158 complex, is important for yku70Δ cell fitness and simultaneous loss of Mre11 and 159 Yku70 leads to extensive telomere rearrangements (Maringele and Lydall 2004) . 160 chk1Δ strongly suppressed yku70Δ vps74Δ fitness, and yku70Δ fitness defects as 161 expected, but did not affect vps74Δ fitness at 38°C (Figure 2A ). mec1Δ (sml1Δ) 162 suppressed yku70Δ vps74Δ, yku70Δ and vps74Δ fitness defects, at 35°C and at 163 38°C, respectively ( Figure 2B ). exo1Δ strongly suppressed vps74Δ yku70Δ and 164 yku70Δ fitness defects, allowing these cells to grow at 38°C ( Figure 2C ). vps74Δ 165 exo1Δ cells grew similarly to vps74Δ cells at 38°C ( Figure S1A and Figure 2C ). In 166 contrast, mre11Δ strongly enhanced vps74Δ fitness defects at 23°C and 37°C 167 ( Figure 2D ). 168
Given that Exo1 decreases the fitness of vps74Δ yku70Δ cells when compared to 169 yku70Δ cells, we hypothesised that loss of VPS74 leads to increased telomeric 170 ssDNA in yku70Δ cells. To test this, telomeric ssDNA levels in vps74Δ and vps74Δ 171 yku70Δ cells was measured by in-gel assay after 4h growth at 36°C. However, loss 172 of VPS74 did not strongly affect the levels of telomeric ssDNA in WT or yku70Δ cells 173 (Figure S1C-E). Interestingly, vps74Δ decreased the ssDNA levels of cdc13-1 cells 174 as measured by both In-gel assay and quantitative amplification of ssDNA (QAOS) 175 (Figure S1C-E). This decrease in ssDNA is in agreement with the suppression of 176 cdc13-1 fitness defects by vps74Δ ( Figure 1A ), since increased levels of ssDNA in 177 cdc13-1 cells were shown to be responsible for the poor fitness of these cells
Loss of Vps74 leads to telomere shortening 181
Since vps74Δ mre11Δ cells have extensive fitness defects at all temperatures we 182 wondered if vps74Δ, like yku70Δ, when combined with mre11Δ, leads to progressive 183 telomere attrition and survivor appearance (Maringele and Lydall 2004) . To test this, 184 we passaged vps74Δ mre11Δ cells and analysed their colony size and telomere 185 lengths. We observed that the fitness of vps74Δ mre11Δ cells improves with 186 passage ( Figure 3A, B) . Interestingly, vps74Δ cells show slightly short telomeres, 187 consistent with a role for Vps74 in telomere capping, but the effect is much less than 188 either Yku70 or Mre11 ( Figure 3C ). Telomeres of vps74Δ mre11Δ were slightly 189 shorter than telomeres of mre11Δ cells ( Figure 3C ). Furthermore, telomeres of 190 vps74Δ mre11Δ cells slightly lengthen with passage but do not show the major 191 telomere rearrangements seen in telomerase deficient survivors (Maringele and 192 Lydall 2004) . These data show that Vps74 has a minor role affecting telomere 193 length, independent of Mre11 and Yku70. (Table S2 ). Before embarking on these screens we first confirmed that 204 vps74Δ and yku70Δ are synthetically sick in the S288C genetic background, used for 205 high-throughput screens ( Figure S2A ). 206
The fitness of the double and triple mutants was then assessed by QFA (Figure 4) . 207
In part to assess the quality the data we highlight gene deletions known to interact 208 with telomere defective strains (MRE11, EST1, CHK1, EST2, RAD50, DDC1, EXO1, 209 RIF1, RAD9, RAD17, RAD24, TEL1, RRM3, NMD2, and YKU80). Interestingly, 210
although vps74Δ cells are not as temperature sensitive as yku70Δ cells (or vps74Δ 211 yku70Δ cells), it is possible to see that the relative position of the highlighted genes 212 is very similar in vps74Δ, yku70Δ, vps74Δ yku70Δ ( Figure 4A -C). For instance, 213 exo1Δ and chk1Δ are found as suppressors in all screens, while nmd2Δ and rad50Δ 214 are enhancers in all screens. This pattern across the screens suggests that VPS74 215 deletion causes fitness defects that have a similar origin to those observed in 216 yku70Δ cells. We conclude that Vps74 and Yku70 have similar functions in the 217 maintenance of the genome/telomere integrity, however Vps74 contribution is more 218 minor. 219
Vps74 affects telomere biology similarly to Pmt1 and Pmt2 220
Our results show that Vps74 potentially collaborates with Yku70 to affect telomere 221 function. However, since Vps74 is reported to be a cytoplasmic protein, its role at 222 telomeres is likely to be indirect. GOLPH3, the mammalian orthologue of Vps74, is 223 phosphorylated by DNA-PK upon DNA damage induction, and so it is possible that 224 yeast Vps74 affects telomere biology through a similar phosphorylation pathway 225 in cdc13-1 cells at 37°C, showing that the DNA damage response was activated in 231 these cells ( Figure S3 ). However, we found no evidence that Vps74 is 232 phosphorylated in response to either type of DNA damage since we did not detect a 233 mobility shift in Vps74-13Myc protein ( Figure S3 ). Therefore, although we cannot 234 exclude that Vps74 is phosphorylated in response to DNA damage we see no 235 evidence that this is the case. 236
In yeast, Vps74 can be found in the cis and medial cisternae of the Golgi. yku70Δ and cdc13-1 rad9Δ genetic screens ( Figure 5B and Figure S4 ). On the other 249 hand, sac1Δ caused extremely unfit cells in all screens ( Figure 5B ). The similarity 250 between the effects of deleting VPS74, PMT1 or PMT2 in telomere defective cells, 251
suggests that Vps74 affects the fitness of telomere defective cells through Pmt1 and biology by affecting mannosyltransferase function. Interestingly, mnn2Δ (affecting an 254 α-1,2-mannosyltransferase) also showed similar genetic interactions to vps74Δ, 255 pmt1Δ and pmt2Δ across the telomere screens ( Figure S4A-C) . 256
Although sac1Δ did not appear to behave similarly to vps74Δ across the telomere 257 screens ( Figure 5B) , we decided to confirm this in a low-throughput manner in the 258 W303 genetic background. SAC1 was deleted in vps74Δ, yku70Δ and vps74Δ 259 yku70Δ cells and fitness was measured. Interestingly, vps74Δ and sac1Δ are 260 synthetically sick, even at 23°C, and this is not affected byYKU70 ( Figure 5C ). This 261 result suggests that Vps74 and Sac1 affect different pathways to maintain the fitness 262 of yeast cells. Furthermore, vps74Δ yku70Δ cells are less fit than sac1Δ yku70Δ 263 cells at 35°C, suggesting that Vps74 has a role in yku70Δ cells that is independent of 264 Sac1. We conclude that Vps74 and Sac1 act in different ways to affect cell fitness of 265 telomere proficient and deficient cells. Thus, the Vps74 role in telomere biology is at 266 least partially independent of the SAC1 pathway. 267
Finally, it cannot be excluded that Vps74 plays a more direct role in the nucleus, 268 since Vps74-GFP localizes to the nucleus, as well as the cytoplasm ( Figure S5 
Stn1 levels are regulated by a Vps74-dependent pathway 276
Since Vps74 is involved in at least two pathways likely to affect protein levels 277 (protein glycosylation and PtdIns4P-dependent protein synthesis), we wondered if 278
Vps74 might affect the levels of a protein or proteins that affect telomere biology. We 279 noted that nmd2Δ, affecting nonsense mediated mRNA decay, causes similar 280 phenotypes to vps74Δ, suppressing cdc13-1 and enhancing yku70Δ fitness defects 281 ( Figure 1) . nmd2Δ, like vps74Δ, also leads to telomere shortening ( Figure 3C were increased approximately 40% in vps74Δ cells at 30°C ( Figure 6A, B) . 291
Additionally, Stn1 levels were also increased by growth at 37 o C. The increased Stn1 292 levels in vps74Δ cells could explain the short telomeres of these cells and the 293 negative genetic interaction between vps74Δ and yku70Δ (Puglisi et al. 2008 ; 294 Romano et al. 2013) . It is interesting to speculate that increases in Stn1 levels at 295 high temperature might help explain why telomeres get shorter in wild type cells at 296 increased temperatures (Romano et al. 2013) . We had observed that vps74Δ was 297 synthetically sick with the mre11Δ mutation, and that vps74Δ mre11Δ double 298 mutants have shorter telomeres than either single mutant ( Figures 2D and 3) . We 299 wondered if the effect of vps74Δ in the mre11Δ context could be due to increased 300 Stn1 levels. To test this we used a 2 micron plasmid to overexpress Stn1. Consistent 301 with our hypothesis Stn1 overexpression reduced fitness of mre11Δ cells at all 302 temperatures ( Figure 6C ). Overall we conclude that Vps74 helps maintain low levels 303 of Stn1, and this may be the mechanism by which Vps74 affects telomere function in 304 numerous different contexts. 305
DISCUSSION 306
In mammalian cells, GOLPH3 phosphorylation by DNA-PK was shown to be 307 essential for Golgi fragmentation in response to DNA damage (Farber-Katz et al. In agreement with the published high-throughput data, our new low-throughput 318 experiments showed that vps74Δ suppressed cdc13-1 fitness defects and enhanced 319 yku70Δ defects (Addinall et al. 2011) . These data confirm that yeast Vps74 affects 320 telomere function and are consistent with a role for Vps74 in the DNA damage 321 response. Our evidence suggests that the better fitness of vps74Δ cdc13-1 cells in 322 comparison to cdc13-1 cells is due to a decrease in the telomeric ssDNA levels in 323 the double mutants. On the other hand, the decrease in the fitness of vps74Δ 324 yku70Δ cells seems to be independent of telomeric ssDNA. Interestingly, numerous 325 gene deletions that suppressed or enhanced yku70Δ temperature defects, similarly 326 affected the temperature sensitivity of vps74Δ and vps74Δ yku70Δ cells, suggesting 327 that Vps74 and Yku70 perform similar functions at telomeres. Amongst the 328 confirmed strong suppressors of vps74Δ yku70Δ temperature defects were exo1Δ, 329 chk1Δ, mec1Δ (sml1Δ), affecting DDR genes, that also suppress yku70Δ fitness 330 defects (Maringele and Lydall 2002) . Thus, our genetic interaction data suggests that 331
Vps74 contributes in some manner to telomere capping, and this role is more 332 important in the absence of Yku70. 333
It has previously been reported that nmd2Δ, affecting a core component of the showing vps74Δ screens versus yku70Δ screens, vps74Δ yku70Δ screens versus 533 yku70Δ screens and vps74Δ yku70Δ screens versus vps74Δ screens can be found 534 in Figure S2B , C and D, respectively. 535 At 30°C, three independent strains were analysed in two independent experiments 564 (n=6), while at 37° two independent strains were analysed once while a third 565 independent strain was analysed twice (independent experiments, n=4). The mean is 566 indicated and the error bars indicate the standard deviation. Statistical analyses used 567 the two-tailed t-Test assuming unequal variance (*P<0.05 and **P<0.01) performed 568 with SigmaPlot (version 11). (C) WT and mre11Δ cells were transformed with a 2 µm 569 plasmid carrying STN1 or a vector plasmid (plasmids described in Table S3 ). Six 
